Abstract-This paper presents simulation and measurement of a flexible bow-tie which is fabricated at the Flexible Display Center (FDC) of Arizona State University (ASU). The substrate is heat stabilized polyethylene naphthalate (PEN) which allows the antenna to be flexible. The antenna is flexed in the form of a cylinder and its radiation properties are obtained for different radii of curvature. The return loss, radiation patterns and realized gain of the flexed antenna were compared with those of the flat antenna.
I. INTRODUCTION
The Flexible Display Center (FDC) at Arizona State University (ASU) was founded in 2004 as a partnership between academia, industry, and government to collaborate on the development of a new generation of innovative displays and electronic circuits that are flexible, lightweight, low power, and rugged [1] . Due to the increasing need for flexible and lightweight electronic systems, FDC aims to develop materials and structural platforms that allow flexible backplane electronics to be integrated with display components that are economical for mass-production [2] .
Processing of thin film transistors (TFTs) at low temperatures that are compatible with flexible plastic substrates opened a new path for flexible circuitry. For instance, a programmable logic array [3] , volatile and non-volatile digital memories and integrated display source drivers [4] have been successfully fabricated as well as a variety of digital building blocks such as counters, flip flops, and a standard cell library. Flexible electronics also promises new areas of applications including smart medical bandages for remote monitoring of a patient and light weight, rugged, large area sensing arrays to detect x-rays, radioactive particles (neutrons), and bio-chem agents.
Naturally, extension of this technology to the design, fabrication and testing of conformal antennas is of great interest. Currently, the FDC is focusing on the incorporation of antenna structures which can function cooperatively with the other flexible integrated circuit elements. Flexible antennas, as a part of flexible electronic circuits, may have a wide spectrum of applications in wireless communication which can allow antennas to be integrated with the human torso.
Design of flexible linear wire dipole antennas with liquid metal parts has been reported in the literature [5] . These antennas are reversibly deformable, and they can be mechanically tuned by stretching and releasing them. Design of two different flexible bow-tie antennas, which have wider bandwidth and greater gain than linear wire dipole antennas, has also been reported in [6] and [7] by the authors. In this paper, besides what is reported previously, the return loss and the radiation patterns of the flexible bow-tie antenna are investigated when the antenna is flexed in the form of a cylindrical surface with different curvatures. The radiation properties of the flexed antenna were compared with those of the flat antenna.
The organization of the paper is as follows. In the second section, a brief discussion on the basic properties of the FDC substrate is outlined together with the fabrication process. This is followed by the explanation of the measurement setup and the feeding structure of the antenna. In the fourth section, the radiation characteristics of the antennas are compared when they are mounted on flat and curved surfaces. Finally, concluding remarks are summarized.
II. THE FLEXIBLE SUBSTRATE
The display technology of FDC is based on amorphous silicon (a-Si) TFTs that can be fabricated on plastic substrates. A-Si TFT processing is a mature technology used to fabricate the active matrix backplanes of all liquid crystal displays. Traditionally, displays have been fabricated on glass with high temperature deposition processes. However, glass is inherently fragile and heavy making it unsuitable for portable field applications. In the last few years, there have been substantial development efforts in reducing the a-Si TFT processing temperatures to be compatible with plastic substrates.
Since it is expensive and time consuming to design a new fabrication process, particularly for the antennas, they need to be processed simultaneously and fabricated on the same wafer with the TFTs and other circuitry. Therefore, the materials used in the fabrication of antennas are the same as the ones used for TFT fabrication. However, some of the steps related to TFTs are omitted for the antennas.
The TFTs are processed at 180 o C on the flexible substrate heat stabilized polyethylene naphthalate (PEN). The gate metal and dielectric are molybdenum and silicon nitride, respectively [8] . The PEN which is covered with the silicon nitride layer is the antenna dielectric. The conducting parts of the antenna are identical with the source/drain metal, which is sputtered on as an N+ amorphous silicon-aluminum bilayer, of the TFTs. Fig. 1 shows a simplified model for the flexible substrate which best approximates the electrical properties of the actual substrate. III. THE MEASUREMENT SETUP Bow-tie antennas are known to have a basic geometry and broadband characteristics [9] , when compared to a linear wire and a printed dipole. Furthermore, bow-tie antennas are expected to be more directive than conventional dipole antennas because of their larger radiating area [10] . They are also used in size reduction applications of patch antennas to achieve lower operating frequencies without increasing the overall patch size [11] .
Printed bow-tie antennas can be designed in three different types: microstrip patch [11] , [12] ; coplanar [10] , [13] , [14] and double-sided [15] - [16] . From these types of antennas, the coplanar bow-ties require a balanced feed network. Although it requires an additional balun, the authors selected the coplanar bow-tie antenna configuration because it is more appropriate for the interest and fabrication process of FDC plastic [6] . The fabricated antenna is illustrated in Fig. 2 . For testing purposes, the antenna was fed by a 50 Ω coaxial cable from the microstrip end of the feed network. Since the width of the 50 Ω microstrip line is very small (0.32 mm), a support structure was required to stabilize the connection. This support structure should also allow the antenna to bend freely. For this reason, a cylindrical brass was proposed as a support structure. This brass tube had a small-diameter and was soldered to the outer conductor of the 0.085 semi-rigid coaxial cable with which the antenna was fed. The part of the brass tube that was soldered to the coax was cut back so that the upper portion was close to the center conductor of the coax. Silver paint was used to connect the copper tape ground plane of the balun to the brass tube and the center conductor of the coax to the antenna feed point. A drawing of this new geometry is shown in Fig. 3 where the brass tube supports the flexible substrate as well as forming a ground path. This structure allows the flexible substrate to freely bend about the axis of the coaxial line. It also minimizes the probability of any distortion in the exposed metallization of the antennas which is inherently very fragile. 
IV. SIMULATION AND MEASUREMENT RESULTS
The antenna was modeled and simulated using the commercial software Ansoft HFSS [17] . After the inclusion of the cylindrical support structure to the model, it was observed that there is a significant difference in the center frequency of the antenna with and without the support structure. This difference was also verified with the measurements performed in the Electro Magnetic Anechoic Chamber (EMAC) of ASU.
The return loss of the flat bow-tie antenna with and without the support structure is shown in Fig. 4 . It is apparent that although the antenna was initially designed to operate around 7.40 GHz, the center frequency of the bow-tie shifted to 7.24 GHz after the assembly of the support structure. The decrease in the resonant frequency can be attributed to the currents circulating within the cylindrical brass tube which behaves like a solenoid. These currents introduces an extra inductance to the structure resulting a lower center frequency. It is also obvious that there is a very good agreement between the simulations and measurements.
The flexibility of the FDC substrate makes our bow-tie antenna a good candidate for conformal antenna applications. However, the radiation performance of the antenna may change significantly as a function of the degree of flection. To investigate this, some simulations were performed when the antenna was flexed in the form of a cylindrical surface with different radii, and the results were compared with those of the flat ones. Fig. 5 illustrates the comparison of the simulated return losses of the flat and flexed antennas. It can be observed that the center frequencies of the antennas do not change dramatically, up to a certain extent, with curvature because bending does not change the electrical lengths of the elements. However, the characteristic impedances of the transmission lines are subject to change with bending, affecting the radiation properties of the overall system. After these simulations, the antenna was bent over a polystyrene which had a radius of curvature of 2 (50.8 mm) and its return loss was compared with that of the flat antenna in Fig. 6 . As expected, there is not a significant difference between the two. The center frequency of the antenna remained basically constant. However, there was approximately 4 dB increase in the return loss at the resonant frequency.
After the return loss measurements, the normalized radiation patterns of the flexed antenna were measured at the center frequency in three planes: principal H-plane (x-z plane), principal E-plane (x-y plane) and secondary E-plane (y-z plane), and compared in Fig. 7 to those of the flat antenna. The secondary E-plane (y-z plane) is defined as the one along which the E- field is parallel to it but does not pass through the overall field maximum. Except for the null filling in the secondary E-plane pattern of the curved antenna, the shapes of the patterns are nearly identical. In addition to the normalized patterns, the absolute gains of the flat and flexed antennas were found to be very close to each other. The measured realized gains of the antennas are listed in Table I for each principal plane. One can observe in Fig. 7 that although there are some ripples in the second E-and H-plane patterns, the pattern in the first E-plane is very smooth. Since the first E-plane pattern is the pattern cut that has its rotation axis parallel to the feed cable, the RF cable does not protrude into the plane of the measurement, and consequently there is no ripple in the pattern due to scattering from the cable. The axes of rotation for the second E-plane and H-plane are normal to the plane of the antenna substrate. Part of the RF cable is in the plane of the measurement, resulting in scattering, constructive and destructive interference, and ripple superimposed on the measurement.
V. CONCLUSION
Radiation characteristics of a flexible bow-tie antenna were investigated, by simulations and measurements, when it was flexed in the form of a cylinder. It was observed that the return loss and radiation patterns of the flat and flexed antennas were very close to each other, if the radius of curvature was larger than the antenna dimensions. It was also noted that the cylindrical support structure has a significant effect on the center frequency antenna. The currents circulating within the cylinder introduces some inductance to the overall system, resulting in a decrease in the resonant frequency.
